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The CO2-HCQ system. The three main acidifying pro-
cesses, bicarbonate reabsorption, the generation of titrat-
able acid and ammonia production are thought to be
mediated by the common mechanism of hydrogen ion
secretion. Accordingly, considerable interest has focused
on the tubular mechanism underlying hydrogen ion trans-
port. In principle, the acidification of tubular fluid could
be achieved by two operations: the secretion of acid into
the lumen or the reabsorption of alkali from the lumen to
peritubular fluid. These two possibilities are schematically
summarized in Fig. 1.
Cell Capillary
HC0
H +HCO
11
H2C03
1 La
CO2 +1120
Fig. 1. Schematic drawing of acidification process in tubular cell.
Considering the most important extracellular and tubular
buffer system, the bicarbonate-carbonic acid-carbon dioxide
system, acidification can be achieved by removal of the
bicarbonate ion in its ionic form, i.e., by reabsorptive
transport from the lumen (upper part of Fig. 1), or alter-
natively, by the addition of hydrogen ions to the tubular
lumen (lower part of Fig. 1). Only in the latter case is the
tubular bicarbonate ion decomposed into CO2 and water
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by the secretion of hydrogen ions. Evidence is available in
support of the view that tubular hydrogen ion secretion
is involved in the reabsorption of bicarbonate and the
titration of other luminal buffers.
Following the pioneering studies of Pitts and his asso-
ciates [1, 2] who presented indirect evidence that cellular
hydrogen ions were exchanged for luminal sodium ions du-
ring the reabsorption of bicarbonate ions and the formation
of titratable acid, Walser and Mudge [3] pointed out that
direct luminal pH measurements might provide the in-
formation necessary to identify the mechanism of urinary
acidification. They argued that the normal rate of tubular
bicarbonate reabsorption via hydrogen ion secretion would
generate luminal carbonic acid at a rate significantly in
excess of that which could be expected from the uncatalyzed
dehydration reaction at its equilibrium concentration in the
lumen. Accordingly, the pH measured "in situ" within the
lumen would be more acid than the pH of the same sample
after withdrawal from the lumen and "in vitro" equilibra-
tion.
This argument is based on kinetic consideration of the
reactions governing the hydration of carbon dioxide and
the dehydration of carbonic acid measured in vitro [4, 5].
The following reactions summarize the hydration of CO2
and the formation of bicarbonate ions:
k, k2 (I)
The limiting step of these reactions is that set by the rate
constants k1 and k_1. The second step is much faster than
the first and need not be considered further. The first step,
i.e., hydration of CO2 and dehydration of carbonic acid, is
catalyzed by carbonic anhydrase, an enzyme known to be
present in proximal and distal tubules. This enzyme
accelerates the hydration-dehydration step by a factor of
lO [5]. The values of the rate constants of the non-
catalyzed reaction are also of importance since they can be
used to calculate possible maximal rates of hydrogen ion
secretion after complete inhibition of this enzyme by
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various carbonic anhydrase inhibitors [6]. Rate constants
measured "in vitro" for the non-catalyzed hydration of
CO2 (k1) range from values of 0.037 sec' at 25° [7] to
0.043 sec' at 37° [8] whereas, more recently, higher values
of the order of 0.15 sec' were obtained [9, 9a]. A value
of 15 sec' is obtained for the dehydration rate constant;
also higher values (49.6 sec) have recently been reported
[9, 9a]. The equilibrium constant, K is given by:
K=k_1/k1
and, substituting values of 49.6 sec for k_1 and of
0.15 sec—1 for k1, a value of 342 [7] indicates that at
equilibrium 342 times more CO2 than H2C03 is present.
A consideration of pK values is also relevant. For the
buffer system of HCO/H2CO3 a value of 3.57 is used [7],
whereas a pK of 6.1 applies to the system HCO/(H2CO3+
C02), provided there is equilibration between carbonic acid
and carbon dioxide. However, whenever acid is continu-
ously added to the system an equilibrium situation will be
maintained only if the addition of acid proceeds at a rate
which is slower than the dehydration of carbonic acid.
The latter rate is given by:
—d H2C03/dt=k_1 (H2C03).
Should the rate of hydrogen ion secretion exceed this
value at the H2C03 concentration corresponding to the
CO2 content of the system, carbonic acid will accumulate
and the ratio of C02/H2C03 will approach a lower value.
To the extent that an increasing fraction of the sum
(C02+ H2C03) is carbonic acid, a situation will develop
in which the relationship between pH and HCO will be
given by the Henderson-Hasselbalch equation using the pK
of carbonic acid but not the pK of 6.1:
pH=3.57+log HCO/H2CO3.
This corresponds to a disequilibrium situation in which
the rate of tubular hydrogen ion secretion exceeds the rate
of carbonic acid dehydration at an acid concentration
corresponding to the physiological CO2 level. The same
equation, however, also applies to the limiting case of an
equilibrium situation in which the carbonic acid concen-
tration increases until —dH2CO3/dt equals the rate of
hydrogen ion secretion, dH/dt. The elevated carbonic acid
concentration will, however, rapidly return to the equilib-
rium value at the given CO2 tension upon removal of a
tubular fluid sample from the lumen. Using a dehydration
rate constant of 49.6 sec at 37° [7], the equilibrium con-
centration of carbonic acid is approached with a half-time
of l.4 l02sec.
These considerations underscore the importance of
measuring luminal pH by means of pH-sensitive devices
permitting instantaneous "in situ' pH determinations.
Methods /br the direct study of tubular hydrogen ion
secretion. Besides the overall assessment of the kidney's
capacity to secrete hydrogen ions by measuring the rate of
tubular bicarbonate reabsorption at elevated plasma levels
[10, II] or estimating urinary titratable acid excretion at
raised buffer loads [2], it has also become possible to
measure transepithelial pH differences and the rate of
hydrogen ion secretion at the level of individual nephrons.
pH-sensitive electrodes were first used by Montgomery and
Pierce [12] who employed a quinhydrone system requiring
the aspiration of tubular samples into a collection micro-
pipette, filled with mercury or CO2-equilibrated mineral
oil, until it made contact with the pH-sensitive quin-
hydrone-covered platinum wire. This method measures an
equilibrium pH value since during the time of collection
and subsequent measurement, excess H2C03 would be
dehydrated and the pH would increase. However, the
equilibrium pH values obtained by such measurements are
useful for defining the bicarbonate profile along the
nephron [12—IS].
More recently, the development of two new types of
electrode systems has made it possible to measure the pH
of tubular fluid "in situ". Rector, Carter, and Seldin [16]
introduced pH-sensitive glass electrodes with a tip diameter
of I to 2 i. Vieira and Malnic developed a pH-sensitive
antimony microelectrode [17, 18] which has been used in
many studies to be discussed in this paper. The main
features of this system and its possible application are
described in Fig. 2. The electrode system is fairly easy to
construct and it can be used for instantaneous "in situ" pH
measurements (Fig. 2, top section). The determination of
the pH of a collected sample equilibrated under oil at
known P02 allows one to calculate bicarbonate concen-
trations (Fig. 2, middle section), and continuous intra-
tubular recording of the pH of an alkaline buffer droplet
(bicsrbonate, phosphate), isolated by oil from the remainder
of the luminal contents, makes it possible to quantitate
(3) both the rate of acidification as well as the limiting trans-
epithelial pH differences across well-defined nephron
segments (Fig. 2, lower section).
The antimony electrode has also been used to measure
titratable acidity and ammonium ions in samples of tubular
fluid [19, 20]. A sample of tubular fluid is collected and
placed under oil equilibrated with CO2 of known tension.
Two separate antimony electrodes are introduced into the
droplet, one to measure pH, the other for titration. Passage
of current through an antimony electrode liberates 0H
ions. The current necessary to titrate the tubular fluid
sample back to the plasma pH can be measured to quanti-
tate the amount of alkali consumed. Adding formaldehyde
to the sample releases an additional amount of hydrogen
ions from ammonium ions. They can be titrated similarly
[19].
Capillary glass electrodes have also been used [21-23].
A thin capillary tubing of pH-sensitive glass is fused into a
collection-type, non-pH sensitive micropipette, and a refer-
ence solution is placed betkeen the pH-capillary and the
outer wall of the pipette. After drawing the sample into
(2)
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Fig. 2. The antimony microelectrode system. Top section: "In
situ" pH measurement; voltage between Sb microelectrode and
Ling Gerard reference electrode (LG) is measured by means of a
differential amplifier (A) and digital voltmeter (DVM). Middle
section: Measurement of bicarbonate concentration by pH
determination under oil at known Pco2. Lower section: CQn-
tinuous pH measurement during stopped-flow microperfusion;
P, polygraph (from 18).
the pH-sensitive part of the capillary, the measurement is
made. Since it is performed outside the tubular lumen, this
method is used for bicarbonate determinations.
The pH profile along the nephron. The process of urinary
acidification involves both the tubular reabsorption of
bicarbonate and the excretion of hydrogen in conjunction
with other buffers, that is, as titratable acid and am-
monium. One of the factors determining the magnitude and
site of tubular bicarbonate reabsorption, titratable acid
formation, and ammonium secretion is the progression of
pH changes along the nephron. A diversion of hydrogen
ions into non-bicarbonate buffers is favored under condi-
tions in which the luminal bicarbonate concentration and
pH are low. On the other hand, high values for luminal pH
minimize the excretion of hydrogen ions with non-bicar-
bonate buffers and ammonium [24, 25].
Recent studies of mammalian nephrons have provided
evidence that all segments of the tubule are capable of
reabsorbing bicarbonate, lowering tubular fluid pH,
generating titratable acid and secreting ammonia [13—15,
17, 24—26]. Fig. 3 shows an example of the distribution of
"in situ" pH values along the nephron as measured with
the antimony electrode in rats in normal acid-base balance.
Compared to control values, proximal and distal tubular
pH is elevated in both respiratory and metabolic alkalosis,
but only in animals exposed to exogenous bicarbonate
loading and mechanical hyperventilation was distal tubular
pH higher than simultaneously measured blood pH [26].
The reduction of proximal tubular pH is accentuated in
metabolic and respiratory acidosis whereas distal tubular
pH values are not significantly lower in acidotic states than
in control acid-base conditions [26]. It is a consistent
observation that significant proximal tubular acidification
is associated with only a small further decline of pH values
along the distal tubule. Also, most "in situ" pH measure-
ments do not show a consistent or significant change of
transepithelial pH gradients along either proximal or distal
tubules. Apparently, at each tubular segment, hydrogen ion
secretion is limited by the generation of a maximal pH
difference across the tubular epithelium.
Only a small volume of tubular fluid, normally low in
bicarbonate, enters the collecting duct. This nephron seg-
ment has the ability to share in the process of urinary
acidification [27]. The collecting duct is the site where the
steepest transepithelial pH differences are generated and
values approaching those of the final urine are found in
samples of collecting duct fluid [27]. A low rate of urine
flow or buffer excretion favors the generation of steep pH
gradients across this nephron segment. At high excretion
rates of buffer or in very diuretic states, the pH of distal
tubular fluid and final urine differ very little [26].
A subject which has attracted considerable interest is the
occurrence of an acidic disequilibrium pH within renal
tubules. A disequilibrium pH is defined as the difference
between the pH measured "in situ" and the pH value
obtained "in vitro" under equilibrium conditions. The first
experiments dealing with this problem were those of Rector
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Fig. 3. "In situ" pH values along the nephron in rats in normal
acid-base balance. Broken line indicates mean blood pH.
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et al [16, 24] who measured "in situ" pH in rat tubules by
means of glass microelectrodes. A disequilibrium pH was
not observed normally in proximal tubules but pH values
significantly below equilibrium values were measured in
rats infused with bicarbonate and given a carbonic an-
hydrase inhibitor. They concluded that in the proximal
tubule carbonic anhydrase must be present in adequate
amounts to catalyze the dehydration of luminal carbonic
acid and that the latter's concentration does not exceed its
equlibrium value under normal conditions. The presence
of carbonic anhydrase in the brush, border of proximal
tubules has been demonstrated by histochemical methods
and this finding is consistent with its luminal activity [28].
The observations of Rector et al [16, 24] were later con-
firmed by Vieira and Malnic [17] and they established that
bicarbonate reabsorption in the proximal tubule is mediated
by the secretion of hydrogen ions. As pointed out by Rector
et a! [16], the dissipation of excess luminal carbonic acid is
responsible for the maintenance of a relatively low pH
gradient against which hydrogen ions are secreted.
In contrast to the proximal tubule, the distal tubule
normally generates a significant disequilibrium pH. This
indicates that at this nephron site the amount of carbonic
anhydrase is insufficient to maintain the dehydration of
carbonic acid at such a rate as to prevent the establishment
of a disequilibrium pH [16]. The accentuation of the
magnitude of the distal disequilibrium pH by a carbonic
anhydrase inhibitor, on the one hand, and its obliteration
by the administration of carbonic anhydrase, on the other,
are important observations [16, 17]. They demonstrate that
the disequilibrium pH is due to excess carbonic acid and
that secretion of hydrogen ions participates importantly in
distal tubular buffer titration. Apparently, the amounts of
carbonic anhydrase present at this level of the nephron are
insufficient to prevent the establishment of equilibrium
conditions with respect to carbonic acid, CO2. and water.
Fig. 4 provides a schematic summary of the factors
involved in the establishment of a disequilibrium pH. The
upper diagram shows the process of hydrogen ion secretion
and the subsequent conversion of the filtered bicarbonate
load into carbonic acid and CO2. The importance of
carbonic anhydrase has already been emphasized, It is
present in insufficient amounts in the distal tubule whereas
its importance in proximal tubular bicarbonate reabsorp-
tion becomes apparent after administration of carbonic
anhydrase inhibitors. The diagram indicates that the dis-
equilibrium pH is related to an excess of carbonic acid
(Fig. 4, shaded area) above the equilibrium value.
In addition to being affected by renal carbonic anhydrase,
the magnitude of the tubular disequlibrium pH is also
affected by the intratubular buffer load and the rate of
tubular hydrogen ion secretion. High luminal bicarbonate
(buffer) content favors the development of a disequilibriLim
pH, whereas reduction or even obliteration of the distal
disequilibrium p1-I obtains for conditions in which the
tubular bicarbonate load is lowered (metabolic acidosis) or
HCO+HI
1L
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CO2H2O
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Fig. 4. Schematic drawing of tubular acidification in different
experimental conditions. The shaded part of the column re-
presenting carbonic acid indicates a higher than equilibrium
concentration, leading to the establishment of a disequilibrium
pH.
the rate of cellular hydrogen ion secretion is diminished
(respiratory alkalosis) [25,26].
The results obtained by Rector et al [16, 24], Vieira and
Malnic [17], and Malnic, Mello-Aires, and Giebisch [26]
all support the thesis that bicarbonate reabsorption in both
the proximal and distal tubule is mediated by hydrogen ion
secretion. Whereas in the distal tubule this process results
in the accumulation of excess carbonic acid and the
appearance of a disequilibrium pH, in the proximal tubule
(where the largest fraction of filtered bicarbonate is con-
served) carbonic anhydrase effectively dissipates the accu-
mulation of any excess carbonic acid and thereby prevents
the generation of an acidic disequilibrium pH.
Bicarbonate reabsorption along the nephron. Bicarbonate
concentrations along both proximal and distal tubules are
generally lowered below plasma levels in all but special
experimental conditions. In the normal rat the bicarbonate
concentration declines to some 8 to 10 mEq/liter by the
end of the proximal convoluted tubule [13, 14, 17, 23—26,
29, 30, 32, 33]. Metabolic acidosis lowers this value by
about one-half and thus augments the fraction of filtered
bicarbonate reabsorbed along this nephron segment. Both
metabolic and respiratory alkalosis as well as administration
of carbonic anhydrase inhibitors lead to an elevation of
bicarbonate levels along both the proximal and distal
tubule [26]. Distal bicarbonate concentration, normally in
the range of 5 to 8 mEq/Iiter, is reduced in states of meta-
bolic and respiratory acidosis. Tubular bicarbonate concen-
trations have also been measured in rats with hypokalemic
alkalosis due to dietary potassium deprivation. At strikingly
H1'+HCO H2CO3 H20+CO2
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elevated plasma bicarbonate levels late proximal bicarbonate
concentrations were significantly lower in these animals
than in those of control rats in which the plasma bicarbonate
level was raised acutely to similar levels [15]. This was taken
to indicate that hypokalemia stimulates proximal tubular
hydrogen ion secretion independently of changes in the
filtered bicarbonate load.
Segmental rates of tubular bicarbonate reabsorption can
be estimated from simultaneous changes of bicarbonate
and inulin concentration along the nephron. Table 1
summarizes values obtained in control and in different
experimental acid-base disturbances. Associated with the
decline in proximal tubular bicarbonate concentration, by
far the largest fraction of the filtered load, some 90%, is
reabsorbed by the time the tubular fluid emerges from
Henle's loop. The distribution of tubular bicarbonate
reabsorption between the proximal convoluted tubule and
the loop of Henle of superficial nephrons varies. In general,
the absolute rate of bicarbonate reabsorption, similar to
that of sodium ions, is elevated along Henle's loop when-
ever there is a spill-over of bicarbonate from more proximal
nephron sites. Representative examples for such compen-
satory stimulation of bicarbonate transport along Henle's
loop may be seen during exogenous bicarbonate loading,
respiratory acidosis and respiratory alkalosis [25] and
chronic hypochloremic alkalosis [32]. A striking exception
is the situation in acetazolamide-treated rats. Despite a
dramatic reduction in proximal tubular bicarbonate reab-
sorption and a commensurate increase in ioop delivery,
the absolute rate of bicarbonate reabsorption along the
loop is reduced [17]. This implies an action of acetazolamide
(Diamox) beyond the proximal convolution.
It is noteworthy that the rate of distal bicarbonate
reabsorption is sharply elevated after treatment with
Diamox. A similar situation obtains in such conditions as
acute alkalosis (bicarbonate loading) and chronic hypo-
chloremic alkalosis [17, 26]. Common to all is an increased
Table 1. Bicarbonate reabsorption along the nephron.
Group Fil-
tered
load
Proxi- Loop Distal
mal
Excre-
tion
%
iiEq/min/kg ml GFR
Control 25.7 22.1 0.49 2.28 0.32
5°o NaHCO3
Hypochloremic
alkalosis
43.0
40.6
24.3 2.70 7.02
24.9 7.35 4.37
22.5
3.90
Metabolic
acidosis
9.55 8.16 0.51 0.40 0.36
Hyperventilation
l5% CO2
Diamox
18.0
27.4
28.5
11.0 3.12 2.05
20.0 5.67 1.11
11.7 0.10 9.30
1.87
1.22
7.40
Data from references 17, 26 and 32.
distal bicarbonate load. It appears that the distal tubular
reabsorptive mechanism for bicarbonate transport is nor-
mally highly unsaturated and that it remains unsaturated
even after treatment with a carbonic anhydrase inhibitor.
With any increase in load (alkalosis, Diamox), the tubular
reabsorption of bicarbonate increases sharply. Thus, con-
trary to expectations, hydrogen ion secretion along the
distal tubule is higher than normal in metabolic alkalosis
and even following the administration of a carbonic
anhydrase inhibitor. On the other hand, it is low in meta-
bolic and respiratory acidosis due to the sharp reduction in
the bicarbonate load reaching the distal tubule.
It should be noted, however, that some alterations in
bicarbonate reabsorption are not due to changes in the
filtered load. A relevant example is that of proximal
bicarbonate reabsorption during chronic metabolic acidosis.
Reduced to subnormal levels during the acidosis, it remains
subnormal after restoration of the plasma bicarbonate to
normal levels by an intravenous infusion of sodium bi-
carbonate [33]. The mechanism underlying this phenom-
enon is unknown. It is also of interest that the fractional
excretion of bicarbonate during acute and chronic meta-
bolic alkalosis varies markedly (see Tabele 1). Whereas
more than 20% of the filtered bicarbonate is excreted in
the former condition, only some 4% is eliminated in the
latter condition. It is of interest that besides differences in
potassium balance, acute alkalosis (bicarbonate loading)
produces a significant expansion of the extracellular fluid
volume whereas chronic metabolic alkalosis (induced by
chloride deprivation) is accompanied by an unchanged or
even a contracted extracellular fluid volume. The latter
might stimulate apparent hydrogen ion secretion by mech-
anisms discussed in another paper of this symposium.
Relationship between tubular hydrogen and potassium
transport. The frequent observation of a reciprocal rela-
tionship between the urinary excretion rate of potassium
and the acidity of the urine provided the background for
the thesis of a competitively shared distal secretory pathway
for cellular potassium and hydrogen in exchange for
luminal sodium [34—36].
The relationship between distal tubular potassium and
hydrogen secretion has recently been investigated directly
in a large number of acid-base disturbances [39]. Micro-
puncture studies have firmly established that in the rat the
distal tubule is responsible for the wide variations in renal
potassium excretion which are associated with acid-base
disorders [39]. Induction of alkalosis stimulates potassium
secretion, whereas it is suppressed during acute acidosis of
either metabolic or respiratory origin. For a variety of
reasons, discussed in detail elsewhere [37, 38, 40], it appears
unnecessary to postulate participation of a carrier-mediated
sodium-potassium exchange mechanism located at the
luminal cell border in the secretory transport of potassium.
If potassium transport is not carrier—mediated at this site it
follows that hydrogen and potassium also cannot compete
for a carrier.
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Group HCO; K
reabsorption
pEq/min kg
+ secretion
Control 20.8 11.8
5% NaHCO3 122.0 27.1
Hypochloremic alkalosis 23.4 4.18
Metabolic acidosis 2.7 0
Hyperventilation 17.4 16.0
15% CO2 7.7 7.8
5% NaHCO3 plus 166.1 21.7
Hyperventilation
From references 32 and 39.
There are a number of additional arguments against the
notion that hydrogen and potassium ions share a common
tubular transport pathway. The simultaneous measurement
of the rate of potassium secretion and bicarbonate reab-
sorption allows a direct comparison of the absolute trans-
port rates for the two ion species if the assumption is made
that tubular bicarbonate reabsorption is achieved through
hydrogen ion secretion [39, 40]. Table 2 provides a sum-
mary of the relevant data. It is clear that evidence sup-
porting the notion that potassium and hydrogen secretion
are linked in a consistent manner, particularly in a recip-
rocal way, does not emerge from a comparison of the
transport rates of the two ion species under consideration.
Rather, the rate of both potassium and hydrogen ion
secretion frequently varies in parallel, increasing in alkalosis
and decreasing in acidosis. Because the rate of distal tubular
hydrogen ion secretion is not only dependent on systemic
acid-base conditions, and because it is highly sensitive to
changes in the delivery of bicarbonate to, and the concen-
tration of bicarbonate in, the distal tubule, it is to be
expected that there should also be a rough correlation
between the rate of tubular potassium secretion and distal
luminal pH. Such data are plotted in Fig. 5. It is apparent
that potassium secretion is stimulated with increasing
alkalinity of the tubule fluid.
We feel that the observations just discussed are best
explained by assuming an important role of cellular pH
changes in regulating potassium secretion, independent of
whether such cellular pH changes are associated with an
increase in the rate of hydrogen ion secretion or not. Addi-
tional evidence derived from a series of tracer flux studies
of distal tubular potassium transfer in amphibian [42] and
mammalian [43] kidneys have shown that both alkaliniza-
tion of the body fluids by an acute bicarbonate load or
administration of Diamox increase the distal tubular trans-
port pool of potassium ions, and it is virtually certain that
such an increase is associated with an elevation of the distal
cellular potassium concentration. Increased potassiuni
7 8
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Fig. 5. Correlation bet ween distal tubular luminal pH and Illean
late distal K/In TF/P ratios obtained in various experimental
situations (data from 39).
secretion would be a consequence of enhanced passive
transfer of potassium ions from cell to tubular lumen. An
additional conclusion emerging from those studies was that
coincident with the increase in distal tubular potassium
secretion, active potassium uptake across the peritubular
cell border was stimulated sharply. This indicates the
importance of the peritubular membrane as a primary
control site of secretory potassium transport. These ob-
servations, on the whole, are quite consistent with the view
that alkalosis favors a shift of potassium into cells [34, 36,
41]. The observation alluded to before, that potassium
deficiency augments hydrogen ion secretion along the prox-
imal tubule (where potassium is extensively reabsorbed),
is of interest since it indicates that changes in potassium
metabolism may affect the tubular transport of hydrogen
ions at sites other than that of potassium secretion. No
information is presently available which throws any light
on the question as to whether changes in potassium meta-
bolism also modulate distal tubular hydrogen ion transport.
Kinetic aspects of the segmental acidification rate. The
development of a novel method for evaluation of the
intrinsic properties of the tubular acidifying mechanism has
provided new insight into the mechanism of bicarbonate
and hydrogen ion transport [44]. The approach consists of
a modification of Gertz' split-drop micropuncture method
in which the tubular pH of a well-defined intraluminal
buffer sample is monitored continuously by an antimony
electrode system. Acidification can be followed accurately
with adequate speed in the absence of changes in glomerular
bicarbonate load or plasma bicarbonate levels. The experi-
mental procedure is schematically shown in the lower sec-
tion of Fig. 2. The perfusion fluid is an alkaline buffer
solution containing, for example, either sodium bicarbonate
or sodium phosphate. Isotonicity is achieved by addition of
raffinose, and a sodium concentration is chosen such as to
minimize transepithelial fluid movement. Fig. 6A shows a
Table 2. Comparison of distal tubular potassium secretion and
bicarbonate reabsorption.
o Control
• 15 % CO2
x 15% CO2 +5% NaHCO3
Hyperventilation
A Hypervent + 5 %NaHCO3 A
H
AA
1.0
0.8
0.6
0.4
0.2
A
00
00
0
x
. S
6
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Fig. 6. Record of continuous determination of tubular pH during
stopped-flow microperfusion experiments. A, perfusion with bi-
carbonate solution (25 mEq/liter) pre-equilibrated with air; B,
perfusion with bicarbonate solution (25 mEq/liter) pre-equili-
brated with 215 mm Hg Pco2. The rest of the perfusion fluid
was made up of 75 mEq/liter NaCI and 100 mmoles/liter raffinose
(from 44).
representative tracing of pH changes with time. The tubule
was perfused with a solution containing bicarbonate at
25 mEq/liter and pre-equilibrated with air. It is apparent
that upon perfusion, the recorded pH very rapidly ap-
proaches the pH level of the perfusate. After blocking the
tubule and thus establishing stopped-flow conditions, the
pH of the isolated perfusate column approaches its steady-
state value. First, a rapid decrease in pH takes place which
is followed by a second phase of more gradual decline in
pH. It is easy to show that the first phase of the pH change
is due to P02-equilibration and that the second phase is
due to tubular bicarbonate reabsorption. The situation can
be simplified when perfusion is carried out with bicarbonate
solutions pre-equilibrated at a P02 similar to that of the
animal. The rapid initial phase of the pH change is then
eliminated. Applying the Henderson-Hasselbalch equation,
it is possible to obtain values for a plot of intratubular
bicarbonate concentrations as a function of time. A graph
of the approach of bicarbonate concentrations to their
steady-state values (HCO-HCO) yields a straight line
on a semilogarithmic plot, and indicates that the bicarbonate
concentration decreases according to a single exponential
(see Fig. 7). It should be noted that the rate of change in
bicarbonate concentration is sharply delayed in Diamox-
treated animals.
When the perfusate is equilibrated with air the earliest
part of the graph of bicarbonate concentrations as a func-
L
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Fig. 7. Semilog plot of the approach of luminal bicarbonate con-
centrations to their steady-state values in control and Dia,nox-
infused rws. Perfusion of proximal tubules with bicarbonate
solutions pre-equilibrated at a physiological Pco2. (Data from
ref. 44.)
tion of time shows a marked deviation from linearity. This
deviation is related to an initial phase of equilibration of
the injected fluid column (low PC02) with the animal's CO2
pool. Calculations, described in another paper [44], permit
derivation of the time course of the CO2 changes in this
early phase, and a representative graph of the increase in
calculated CO2 concentrations after stopped-flow deposition
of a fluid column equilibrated with air is shown in Fig. 8.
In control animals the CO2 concentration approaches the
blood CO2 level asymptotically, and the difference between
the CO2 concentration of the perfusate and its steady-state
level decreases exponentially. This finding is consistent with
the idea that the distribution of CO2 can be adequately
represented by a two-compartment system, one corre-
sponding to the perfused lumen and the other to an extra-
cellular space which can be considered to be an infinite
reservoir with constant P.02 level. Fig. 8 also shows the
approach of the CO2 level in Diamox-treated animals. It is
markedly different and its significance will be discussed later.
Table 3 contains the half-times of CO2 equilibration
based on the type of experiments just described. The half-
o Control
• Diamox
t/2=6.5 sec
1 sec
10 20 30
seconds
40
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Fig. 8. Increase of lun,inal CO2 Concentrations during stopped-
flow of an air-equilibrated solution containing 25 rnEq/liter
NaHCO3. Open circles, control rat; closed circles, Diamox-
infused rat. The horizontal bars represent the plasma CO2 level
(modified from 44).
Experiment Mean t/z in sec±SEM (No. of observ.)
Proximal Distal
Blood-lumen flow
Control 1.86±0.14 (28) 1.89±0.13 (22)
Diamox 4.50± 0.29 (55) —
15% CO2 0.86± 0.08 (38)a 1.86± 0.18 (22)
Lumen-blood flow
Control 1.48± 0.10 (18) —
times correspond to rate constants (k=ln 2/t112) of CO2
transfer across the tubular wall. Since the velocity of the
hydration reaction is more than an order of magnitude
faster than the observed initial rate of acidification, it
cannot be the limiting factor of tubular acidification.
Rather it appears that the rate of diffusion of CO2 into the
lumen is rate-limiting [44]. Inspection of Table 3 shows
that the permeability to CO2 in proximal and distal tubules
is similar. It is significantly reduced in the proximal tubule
of acetazolamide-treated rats (see also Fig. 8, closed circles),
and a similar decrease is quite likely to be present in the
distal tubule of Diamox-treated rats as well.' Permeability
to CO2 appears to be increased during respiratory acidosis.
The quantitative evaluation of the distal rate of CO2 equili-
bration is made difficult due to the fact that the prolonged
phase of initial CO2 exchange masks part of the second
exponential due to bicarbonate reabsorption. This renders
difficult the estimate of bicarbonate concentrations during the
early perfusion period which is necessary for the calculations
of CO2 concentrations.
The last line of Table 3 summarizes the results of experi-
ments in which, in contrast to the experiments so far
discussed, the movement of CO2 out of the tubule was
evaluated. The lumen was perfused with a solution pre-
equilibrated with CO2 at 215 mm Hg, rendering the lumen
more acid during the initial perfusion period. Upon
stopped-flow the sample became more alkaline (Fig. 6 B).
The mean half-time of equilibration, 1.48 sec, is quite
similar to that calculated from experiments (air-equilibrated
solutions) in which CO2 moved into the tubule. This
finding demonstrates that the tubular wall is equally
permeable to CO2 from the lumen and the peritubular fluid
compartment. Although the tubular wall's CO2 perme-
ability is high, it is considerably lower than that in water or
lipid. According to the diffusion coefficient in such media,
CO2 should equilibrate with the perfusion column within
milliseconds [46] which it clearly does not. It is possible
that cell membranes represent the site of diffusion delay
since an oriented monomolecular layer of lipid impedes
CO2 diffusion considerably more than the same lipid in
bulk phase [47].
It is of considerable interest that the rise of CO2 in the
tubular lumen of acetazolamide-treated rats is significantly
delayed (Fig. 8 and Table 3). This finding strongly suggests
that carbonic anhydrase, in addition to accelerating the
hydration-dehydration reaction of the CO2-H2C03 system,
also plays some role in the diffusional transfer of CO2
across the tubular wall. The delay in transtubular CO2
equilibration after Diamox could conceivably contribute
to a number of phenomena. It could participate in the
establishment of a disequilibrium-pH observed consistently
in proximal tubules after Diamox treatment. It could also
play a role in the generation of steep P02 gradients between
the final urine and blood in acetazolamide-treated animals
[48]. Finally an increased level of P02 due to diffusion
delay after Diamox could also be instrumental in the
production of non-catalyzed hydrogen ion production. It
would maintain a high intratubular P02 and thus favor
recycling of carbonic acid between lumen and tubule cell
[24]. Continued hydrogen ion secretion would thus be
maintained after inhibition of carbonic anhydrase.
The mechanism of action of acetazolamide on diffusional
CO2 transfer is unknown. Inspection of Fig. 8 shows that
the curve of CO2 appearance is quite different in Diamox-
treated animals when compared to controls. Noteworthy is
the initial delay in CO2 appearance. At present, any ex-
planation of the observed Diamox-effect is at best specula-
tive. A process of autocatalysis could progressively acceler-
ate CO2 transfer. Another possibility would be the pro-
gressive depletion of CO2 from an intermediate compart-
ment (the tubule cell) during perfusion with a low P02
solution prior to stopped-flow. This pattern would appear
in Diamox-treated animals only if the diffusion of CO2
across the peritubular membrane was significantly reduced.
The kinetic behavior of such a system has been described
[49] and it may explain, in particular, the initial delay in
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Table 3. Half-times of CO2 equilibration in cortical tubules of
rat kidney.
a P<0.0l.
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CO2 appearance. A further possibility is that carbonic
anhydrase acts as a carrier of CO2 and that its active sites
are blocked by acetazolamide. Allosteric hindrance of
carbonic anhydrase by Diamox, a phenomenon observed in
other enzyme systems [50], could also be considered.
Obviously, more work is necessary to understand the
mechanism by which carbonic anhydrase inhibitors affect
CO2 diffusion.
A consideration of the rate of bicarbonate reabsorption
by functionally isolated nephron segments has also become
possible from analysis of the change in bicarbonate concen-
trations during perfusion with fluids pre-equilibrated with
CO2. Fig. 7 indicates that the relationship between bi-
carbonate reabsorption and luminal bicarbonate concen-
tration can be described by
—dHCOdt=k (HCO3— HCO)
where —dHCO/dt is the rate of bicarbonate reabsorption,
k is the rate constant (k=ln 2t112) and (HCO)1 and
(HCO3). are the bicarbonate concentrations at time t 'and
after steady-state conditions have been obtained. In its
exponential form this can be written
(HCO—(HCO=[(HCO)0—(HCO)]. et (5)
where the bicarbonate concentration at time zero, time t,
and the steady state () are related to time t by means of
the rate constant k. The observance of a single exponential
in different experimental conditions implies that, independ-
ent of the mechanisms involved, the rate of HCOj reabsorp-
tion is proportional to the concentration difference against
which it proceeds.
The situation can also be represented by the more
general relationship [51]
—d(HCOj)/dt=k'(HCOj1+k"(HCO)1
+k"(1-1C05)1+...
Table 4. Parameters of kinetic analysis of bicarbonate reabsorp-
tion in proximal tubule: Stopped flow microperfusion with
NaHCO3 (100 mmoles/liter) and raffinose.
Group pH HCO HCO t/2
Control 6.51±0.045 3.57± 0.36 msi 4.02±0.29 sec
Diamox 6.83±0.017a 7.10± Ø37a 8.12±O.31a
Cholineb 6.34± 0.034a 2.33± 0.22a 4.12± 0.18
a P<0.0l.
Choline substituted for Nat
Data from reference 44.
where V is the effective maximal velocity of the concen-
tration decrease per liter of tubular fluid per second.2 The
value of t112 and of HCO are those experimentally
observed.
(4) After inhibition of carbonic anhydrase by acetazolamide,
both the acidification half-time as well as the steady-state
bicarbonate concentration rise. The reaction velocity of the
remaining bicarbonate reabsorption rate is given by
VIflhjb =0.0854 (100—7)= 7.92 mmoles/sec liter.
Thus, after blocking the activity of carbonic anhydrase, the
velocity of the reaction reducing luminal bicarbonate falls
to 44.5% of the control value. It is safe to ascribe the
inhibited fraction of bicarbonate reabsorption to hydrogen
ion secretion.
What is the mechanism of reabsorption of the remaining
fraction of bicarbonate after carbonic anhydrase inhibition?
Maren has suggested that it could represent reabsorption
of bicarbonate ions as such by a separate mechanism
independent of hydrogen ion secretion [5, 52]. This possi-
bility cannot be excluded altogether but there is strong,
albeit indirect, evidence that a considerable portion of
bicarbonate reabsorption after Diamox is still due to
hydrogen ion secretion. First, even after carbonic anhydrase
inhibition, a significant disequilibrium p1-1 still persists. In
the proximal tubule it is present only after carbonic an-
hydrase inhibition and in the distal tubule it is accentuated
by Diamox. From these observations one can conclude
that carbonic anhydrase affects the luminal dehydration of
carbonic acid more than the process of cellular hydrogen
ion generation since the latter continues to proceed at a
The introduction of a fluid column of the sodium salts of
bicarbonate, sulfate and phosphate into the lumen leads to
an inflow of chloride from the peritubular to luminal fluid
compartment. This flow is accompanied by sodium since a
volume increase accompanies chloride entry [53, 54]. Half-
times of chloride equilibration in proximal rat tubules are:
NaHCO3 (150 mEq/liter): 10.3 see, Na2SO4 (100 mEg/liter):
12.3 see, Na2HPO4 (100 mEg/liter): 14.1 sec. Half-times of
15.5 and 14.8 sec obtain for NaHCO3 and Na2504 droplets
in proximal tubules after Diamox. Two points are relevant:
I) the passive inflow of chloride leads to reduction of the
bicarbonate concentration (V1 = 4.72 mmoles/sec . liter); 2) the
chloride influx is retarded by Diamox. Chloride entry under
these conditions appears partly coupled to secretory hydrogen
ion flux [53].
(6)
where (HCOç)1 is the luminal bicarbonate concentration,
and k', k", and k" are rate constants for simultaneously
occuring processes, all of them being driven by the same
transepithelial concentration difference. Since the individ-
ual processes all depend on the same luminal concentra-
tion, this can also be written
—dHCOr/dt=(k'+k"+k"... )(HCO)=k(HCO) (7)
where k is a composite rate constant equal to the sum of
individual rate constants which might drive individual
reabsorptive processes.
It is now possible to evaluate quantitatively the different
components contributing to the reabsorption of the tubular
bicarbonate load. The overall reabsorptive velocity, based
on the data shown in Fig. 7, summarized in Table 4, can
be calculated according to equation (4):
—d E1CO/dt=V=ln 2!'ti/2 . (l00—3.6)=0.l85 •964
= 17.8 mmoles/sec liter
Renal hydrogen ion secretion 289
significant rate even after inhibition. Second, the work of
Rector et al [11] shows that even after carbonic anhydrase
inhibition, significant sensitivity of bicarbonate reabsorp-
tion to changes in P02 is maintained. This finding demon-
strates that cellular generation of hydrogen ions via hydra-
tion of CO2 continues to participate in bicarbonate trans-
port. Quantitative arguments have been presented by Rec-
tor that following inhibition of carbonic anhydrase, essen-
tially all of the remaining bicarbonate reabsorption is C02-
dependent and mediated by hydrogen ion secretion [24).
It can easily be shown that the uncatalyzed velocity of
CO2 hydration is of the order of 0.23 mmoles/sec liter and
thus, it is much too low to supply hydrogen ions at a rate
adequate to account for the observed magnitude of bi-
carbonate reabsorption after carbonic anhydrase inhibition.
A mechanism must then exist to account for bicarbonate
reabsorption via hydrogen ion secretion in the absence of
catalytic acceleration of the hydration reaction of CO2.
Rector suggests that following the inhibition of both cyto-
plasmatic and luminal membrane carbonic anhydrase,
steep concentration gradients of carbonic acid are generated
between lumen and cell since equilibrium between CO2 and
H2C03 no longer pertains under these conditions [24].
Accordingly, carbonic acid would enter the tubule cell
from the lumen. This would provide a source of hydrogen
ions independent of the reaction C02+H20. It is also
possible that the peritubular extracellular space represents
an additional source of hydrogen ions since rapid exchange
of hydrogen ions occurs across the antiluminal cell border
of proximal tubules (see below).
The results of the described perfusion studies have
clearly indicated that the rate of tubular bicarbonate reab-
sorption is directly proportional to the luminal bicarbonate
concentration. The significance of this phenomenon can be
explained in at least two ways and the following discussion
attempts an analysis of the mechanism underlying hydrogen
ion secretion and bicarbonate reabsorption based on the
kinetic data just described.
It is possible that the rate of active hydrogen ion secretion
is regulated, primarily, by the luminal pH or the luminal
bicarbonate concentration. Such a mechanism was proposed
by Steinmetz and Lawson for the turtle bladder [56]. This
epithelium is characterized by its ability to secrete hydrogen
ions against steep electrochemical potential differences.
Passive back-flux of hydrogen from the mucosal to serosal
medium is negligible at pH values above five. In the
physiological pH range, net hydrogen ion flux is equal to
active hydrogen ion secretion. Assuming a two-compart-
ment system,
VH=k2IS2—k1251
where VH is the rate of hydrogen ion flux into the lumen,
k21 and k12 are the rate constants for hydrogen ion move-
ment between cell (compartment 2) and lumen (compart-
ment I), and S and S2 are the hydrogen ion pools of lumen
and cell, respectively. In the absence of a significant back-
flux component (low permeability to passive H ion flux),
and assuming that active secretion is proportional to luminal
and not cellular pH, and thus to luminal buffer content
(HCOfl, the situation simplifies to
VH=k21 (HCO). (8)
The measured rate constant k21 would then reflect pro-
perties of the active secretory hydrogen pump.
Another mechanism which could, under some defined
conditions, also account for the observed kinetic behavior
(i.e., the single exponential decline of bicarbonate concen-
trations) would be a hydrogen ion transfer mechanism set
by the balance between 1) a secretory hydrogen pump
whose rate, governed by the intracellular hydrogen ion
concentration, remained constant in a given experimental
condition, and 2) a passive leak component from the lumen
which was proportional to the luminal pH (S or to
(HCO0— HCO)). Accordingly,
V11=k21 S2—k12 (HCO— HCO) (9)
where k12 is the rate constant for passive hydrogen ion
back-flux, 2 the cellular hydrogen ion pool and k21 is the
rate constant of the process of active hydrogen ion secretion.
The available evidence suggests that the second situation,
i.e., a hydrogen ion pump-leak system, represents the
tubular transfer mechanism of hydrogen ions. In the first
place, the observation that the change in intratubular
bicarbonate concentration can be described by single ex-
ponential kinetics is consistent with the thesis that k21 2
remains constant during bicarbonate-titration, and that the
experimentally measured rate constant k12 is a measure of
the tubular wall's permeability to hydrogen ions. Only the
simultaneous reciprocal and proportional change of both
rate constants, representing pump activity and tubular
permeability, could account for the simple kinetics ob-
served. We consider this possibility highly remote. Secondly,
preliminary data (Malnic, G., Mello-Aires, M., and de
Mello) concerning pH changes after alterations in the
transepithelial potential difference obtained during voltage
clamp experiments indicate that the hydrogen ion perme-
ability is of the order to be expected from the kinetic data.
Finally, the results of additional measurements to be des-
cribed in the next section also provide strong suggestive
evidence that variable components of both active tubular
hydrogen ion secretion and passive back-flux regulate the
acidification operation.
Titratable acid Jrmation. Although renal tubular bicar-
bonate reabsorption exceeds acid excretion in the final
urine some 25-fold, it is the net urinary excretion of hydro-
gen ions with non-bicarbonate buffers which assumes
primary importance for maintaining acid-base balance.
This is a consequence of the fact that the maximal ability
to acidify the urine is limited to a minimum pH of 4.0 to
4.5 [1]. Accordingly, only very small amounts of free
hydrogen exist in tubular fluid, and urine and hydrogen ions
must be bound to buffers when excreted. Besides am-
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Fig. 9. Approach of acid phosphate concentrations in proximal
tubule to their steady-state level during stopped-flow microper-
fusion with phosphate buffer (modified from 57).
monium, phosphate is the most important buffer species.
Its administration greatly increases the excretion of titra-
table acid by conversion of the filtered Na2HPO4 into
NaH2PO4 [2].
If the tubular lumen is perfused with a solution containing
95 mmoles/liter Na2HPO4 (isotonicity being maintained by
raffinose), and the rate of NaH2PO4 formation is measured
by continuous pH determinations (pH 6.8 + log Na21-1P04/
NaH2PO4), a single exponential obtains when the approach
of NaH2PO4 concentrations to their steady-state level is
plotted on a semilogarithmic scale [57]. Fig. 9 summarizes
three representative examples of proximal perfusions. Total
rate of acidification can also be measured from Equa-
tion 4, the respective driving force being the value of the
ordinate of Fig. 9. It is apparent that, compared to control
animals, the half-time of acidification is considerably
prolonged in Diamox-treated animals and that the steady-
state acid phosphate concentrations are higher in control
rats than in rats undergoing acetazolamide infusions or
metabolic alkalosis (infusion of 5% NaHCO3). In the latter
case the half-time of acidification was not different from
controls whereas it was considerably prolonged in Diamox-
treated animals. Mean values for the steady-state pH levels
and acidification half-times obtained by perfusion of proxi-
mal and distal tubules with alkaline phosphate salts are
tabulated in Table 5. It is clear that steady-state pH values
are elevated in acute alkalosis and after Diamox, thus
Table 5. Steady-state pH values and H ion secretion half-times
in phosphate microperfusion experiments.
Observation pH t/2, sec
Control proximal 6.23±0.031 (40) 7.43±0.243 (40)
early distal 6.94±0.056 (20) 7.18±0.494 (20)
late distal 6.38±0.143 (10) 8.56± 1.210 (10)
5% NaHCO3,
proximal 7.00±0.020 (l7) 6.85±0.461 (17)
early distal 7.43±0.064 (l5) 8.45±0.831 (14)
late distal 7.39±0.075 (l9) 7.32±0.620 (19)
Diamox, proximal 7.07±0,023 (23) 13.2 (22)
early distal 7.03±0.024 (19) 28.8 2.54 (22)a
late distal 7.03±0.055 (13) 18.4 1.96 (13)
a P< 0.01 (comparison with controls).
Numbers in parentheses refer to number of observations.
indicating a diminished ability of the tubule to maintain
normal hydrogen ion gradients under such conditions. On
the other hand, acidification half-times were increased only
in acetazolamide-infused rats. From the final steady-state
NaH2PO4 concentrations achieved under the different ex-
perimental conditions, it is possible to calculate that 73.7%
of the initial buffer load was dissipated in control proximal
tubules whereas the corresponding value during acute
alkalosis was 38.6%. In early distal tubules, the control
value of 47.5 % was reduced to 17.2%, in late distal tubules
from 56.2% to 22.1%. Thus, tubular net acidification and
the ability to generate normal transepithelial hydrogen ion
gradients are reduced in acute metabolic alkalosis despite
the well maintained ability to approach the limiting concen-
tration difference of hydrogen ions at a normal rate.
The situation is different in Diamox-treated animals. Not
only were the final steady-state values reduced but acidifica-
tion half-times were significantly prolonged at all tubular
levels. In the proximal tubule, the total acidification rate
was reduced to 27.1%. Corresponding values in the early
and late distal tubule were 21.8% and 31.1%, respectively.
These experiments shed some light on the possible
mechanism underlying the control of tubular net acidifica-
tion. In alkalotic rats, a lower rate of hydrogen ion secretion
(reduced conversion rate of Na2HPO4 to NaH2PO4) without
change of the rate constant for acid phosphate generation
is consistent with the view that the passive back-leakage of
hydrogen ions (hydrogen ion permeability) has remained
unchanged, and that the rate of hydrogen ion secretion
(S2 k21) is primarily lowered in these animals. Hence, the
steady-state pH level is established at a lower luminal
hydrogen ion concentration. The observed unchanged rate
constant of acid generation would not be consistent with
the mechanism described by Equation 8 because one
would then expect a marked reduction of the measured rate
constant in the face of the dramatic fall of net acidification
in alkalotic animals.
In acetazolamide-infused rats it appears that both the
active hydrogen ion secretion and passive back-flux compo-
20
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nents of the transport system are affected. A reduction in
hydrogen ion permeability alone in the presence of an
unaltered rate of hydrogen ion secretion would lead to an
increase, not a decrease, of the steady-state concentration
difference. It follows that the rate of hydrogen ion transfer
into the lumen (S2 k21) must be blocked proportionately
more than the leak of hydrogen ions (k12) out of the lumen.
Our interpretation of these data is that, in principle, two
basic mechanisms affect tubular acidification. One is the
rate of hydrogen ion secretion from cell to lumen. The
other is the permeability of the tubular wall to hydrogen
ions. Together, they set the limiting transepithelial concen-
tration difference of hydrogen ions as well as the overall
acidification rate. Experimental avenues are now available
to assess the importance of these two variables in acid-base
disorders. It is tempting to speculate, for instance, that
the reduced rate of proximal tubular bicarbonate reabsorp-
tion during extracellular volume expansion is due primarily
to an increased rate of back-leakage of hydrogen ions. This
is an attractive hypothesis since a considerable body of
evidence shows a marked and non-specific permeability
increase of the proximal tubular epithelium under these
conditions [59].
The maximal rate of hydrogen ion secretion. Estimates of
maximal rates of hydrogen ion secretion have frequently
been made by raising the plasma bicarbonate concentration
by acute sodium bicarbonate infusions and subsequent
measurements of tubular bicarbonate reabsorption. In such
experiments a bicarbonate-Tm has been defined [581 and
its magnitude shown to be subject to changes by altering
Pc02 [11, 60J, administering a carbonic anhydrase inhibitor
[60] or altering potassium balance [601.
It is now clear that such measurements do not measure
true maximal reabsorption rates of bicarbonate ions. In
particular, it has recently been shown that extracellular
volume expansion not only profoundly affects tubular
sodium reabsorption but, in addition, has marked effects
on bicarbonate transport. A saline load not only depresses
the rate of tubular sodium reabsorption but in addition
also lowers bicarbonate reabsorption [61, 62]. Kunau and
his associates (see [24]) have shown by measuring rates of
sodium and hydrogen ion transport along the proximal
tubule, that expansion of the extracellular fluid volume
suppresses both transport rates proportionately. It appears
that the expansion of the extracellular fluid compartment
which frequently occurs during acute bicarbonate loading
reduces tubular bicarbonate reabsorption. Of particular
relevance are experiments by Purkerson et al [62] who
showed that a bicarbonate-Tm does not exist if care is
taken to minimize extracellular volume expansion during
bicarbonate titration.
Direct measurements of the rate of bicarbonate and
phosphate reabsorption in single nephron segments have
confirmed the notion that a well-defined maximum trans-
port rate of bicarbonate (or hydrogen) ions cannot be
defined.
From the previously discussed velocities of bicarbonate
reabsorption (Equation 4) absolute transfer rates of
bicarbonate can be calculated from tubular geometry
according to
HCO=k (HCO— HCO)r/2=0.347. C. nt112 (11)
where r is the tubular radius in cm, C is the driving force
for bicarbonate movement (HCO— HCO) and t112 the
half-time of the bicarbonate concentration changes. A
similar relationship holds for hydrogen flow during phos-
phate perfusions. At time zero, maximal flow rates obtain.
These are due largely, no doubt,to hydrogen ion secretion
although some of the apparent bicarbonate or phosphate
loss is also due to sodium chloride entry and dilution.
Two points bear on the question as to whether tubular
hydrogen ion secretion can be saturated. First, the rate of
change of either bicarbonate or phosphate concentrations
remains constant up to the highest tubular concentrations
(100 mEq/liter). This linearity demonstrates the absence of
a saturable transport mechanism over a wide range of
concentrations exceeding physiological buffer levels many
fold.
Maximal bicarbonate and phosphate acidification rates
are summarized in Table 6. For comparison the reabsorp-
tion rates of sodium during perfusion with isotonic sodium
Table 6. H and Na transport rates in cortical tubules of rat
kidney (nEq/cm2 . see).
Experiment Proximal Early
distal
Late
distal
H: 100 m NaHCO3 12.5 10.1 8.32
100mM NaHCO3+Diamox 5.95 1.50 2.16
100 mM NaHCO3+furosemide 4.88 — —
95 mM Na2HPO 4.88 2.43 2.70
95mM Na2HPO4+Diamox 1.32 0.53 0.84
Nat: 0.9% NaCl 9.17 2.4
0.9% NaCl+Diamox 4.73 — —
0.9% NaCl+furosemide 5.13 — —
Data from reference 44, 55 and unpublished observations of the
authors.
chloride are included. It is clear that the maximal rate of
bicarbonate reabsorptions is of the order of that of sodium
in the proximal tubule, and that it exceeds that of sodium
in the distal tubule. This provides strong evidence that the
tubular transport mechanism for hydrogen ion secretion
along the whole nephron are normally (at physiological tu-
bular bicarbonate or phosphate loads) highly unsaturated.
Diamox has both a proximal and distal tubular effect and
it blocks both bicarbonate and sodium transport. The effect
of furosemide is of interest in that it shows that a large
fraction of proximal bicarbonate reabsorption is sensitive
to the action of this diuretic. Radke et al [63] recently
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suggested that furosemide could have some carbonic an-
hydrase inhibitory action.3
The nature of tubular Na+H+exchange. Some interaction
between the transfer of sodium out of, and the secretion of
hydrogen into, the tubular lumen has often been postulated.
It is fair to state that none of these exchange mechanisms
have been specified in any detail other than those demanded
by the maintenance of electroneutrality. In principle, hydro-
gen ions could be transferred in exchange for another cation
(sodium) or be secreted with an anion (chloride) in order to
preserve electroneutrality. Steinmetz, Omachi, and Frazier
[64] carried out an investigation designed to test some
aspects of the sodium-dependence of hydrogen ion secretion
in an in vitro preparation. In the turtle bladder, substitution
of sodium by other nonpermeant cations like cesium on the
mucosal (luminal) side did not affect the rate of hydrogen
ion secretion. This epithelium was thus able to secrete
hydrogen ions into a sodium-free medium. In this structure,
sodium for hydrogen exchange is not an absolute require-
ment, or the sole mode, of acid secretion. It is of interest to
note that substitution of chloride for sulfate on the serosal
(peritubular) side reduced acidification significantly. This
raises the possibility that hydrogen ion secretion is coupled
to chloride movement in the same direction.
Evidence based on studies carried out on single perfused
nephrons indicates that whatever the nature of coupling
between hydrogen ion secretion and sodium reabsorption
may be, it is rather non-specific. When tubules are perfused
with a solution containing 100 mEq/liter of choline bi-
carbonate, the rate of acidification was undistinguishable
from that observed when sodium was present (see Table 4).
Thus, the presence of sodium within the lumen is not
essential for proximal tubular hydrogen ion secretion. Were
a tightly coupled carrier-mediated sodium-hydrogen ex-
change transport mechanism the sole source of hydrogen
ion secretion, a significant reduction of the secretory rate
would have been expected. Some exchange between hydro-
gen and choline could possibly have occurred when choline
bicarbonate was present in the lumen [65], but it is highly
unlikely that such transfer could have occurred at a normal
The lower net acidification rates during phosphate as opposed
to bicarbonate perfusion deserve to be noted. It is likely that
they are related to the different behavior of the two buffers
during tubular titration. During bicarbonate perfusion titration
is performed at constant acid concentrations since equilibrium
between H2C03 and CO2 is maintained. On the other hand,
phosphate titration is occurring at constant total buffer content.
Relating tubular pH to bicarbonate and alkaline phosphate
load shows that, during perfusion with phosphate at the
maximal transepithelial pH difference, a fairly large fraction
of the buffer remains as the alkaline salt. In contrast, at similar
tubular pH levels the bicarbonate concentration has dropped
to much lower values. Since one of the factors determining
the hydrogen ion secretion rate is the steady-state alkaline
salt concentration (see Equations 4 and 11) it follows that
the acidification rate will be lower during phosphate per-
fusion.
rate since electrophysiological evidence [59] clearly shows
that the proximal tubule's permeability to choline is con-
siderably lower than that for sodium.
Virtually nothing is known about a possible exchange
of sodium for hydrogen ions across the peritubular cell
membrane. Schemes in which bicarbonate ions directly
affect the rate of sodium transport have been proposed but
the mechanism is poorly understood at present [63].
Instead of being secreted in exchange for sodium, hydro-
gen ions could also be secreted coupled to chloride ions.
This mode of acidification has never been popular among
renal physiologists in view of the absence of proximal net
chloride secretion. However, it is not easy to distinguish
between the mechanism of Na+H+ exchange or HC1
secretion. Some evidence indeed favors the idea that some
hydrogen ion secretion is coupled to chloride movement
into the tubule [53]. Thus, the influx of chloride into
isolated fluid columns of an alkaline buffer (bicarbonate)
is enhanced compared to chloride influx into poorly
buffered solutions (sulfate). It has been pointed out before
that hydrogen ion secretion is stimulated when the luminal
buffer load is high. When a carbonic anhydrase inhibitor
was given, hydrogen ion secretion and chloride entry were
both reduced. It has been pointed out that HC1 secretion
followed by NaC1 reabsorption would be a mechanism of
acidification which could not be distinguished from Na-H
exchange [24]. A final decision as to the role of HC1
secretion under normal conditions of acid-base balance has
to await further study.
The nature of hydrogen ion transport. The transepithelial
electrical potential difference is very likely of insufficient
magnitude to account for the observed pH gradients if
hydrogen ion movement were passive in nature [17, 24].
Accordingly, hydrogen ion secretion in the mammalian
nephron is active since it occurs against an electrochemical
potential gradient. It is likely that the site of active hydrogen
ion transport is located at the luminal membrane (see also
[66]). At the level of the proximal tubule, at best a small
electrical potential difference (lumen negative) occurs in vivo.
If the active transport site were localized at the peritubular
membrane, the cell interior would have to maintain a pH
that was 1 to 1.5 units more acid than the tubular lumen
to effect passive hydrogen ion movement against the
sizeable electrical potential difference between the cell
interior (negative) and the lumen (less negative). We regard
it unlikely that the cell pH would be as low as 5.0 to 5.5,
but a final decision with respect to the site of the active
transport step must await better knowledge of the intra-
cellular pH of tubule cells.
Recent evidence has indicated an important role of the
peritubular medium for the tubular acidifying process [67].
Fig. 10 summarizes relevant data of an experiment in which
pH was continuously measured in tubular bicarbonate or
phosphate samples. Simultaneously, peritubular capillaries
were perfused, first, with a control bicarbonate solution at
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Fig. 10. Recording of pH changes during peritubular perfusion
with bicarbonate-Ringer's pre-equilibrated with air. IP, internal
(luminal) perfusion; EP, external (peritubular) perfusion.
normal Pco2 then with a bicarbonate-Ringer's solution at
zero P02. Finally, after termination of these perfusions,
peritubular blood was allowed to resume circulation in the
peritubular capillaries of the proximal tubule segment
under study. It can be seen that tubular acidification is
abolished within seconds when the alkaline bicarbonate
solution (no C02) is substituting for peritubular blood. The
effect is fully reversible since acidification resumes quickly
upon discontinuing the perfusion. Apparently, a physio-
logical pH and/or Pco2 are essential for luminal acidifica-
tion. In order to investigate whether the observed reduction
in tubular acidification was due to low P02 or the alkaline
pH, peritubular capillaries were also perfused with phos-
phate-Ringer's solution (pH 7.4), pre-equilibrated with air.
Under these conditions, luminal acidification was near
normal. Maintenance of a normal pH is thus more im-
portant than a normal P02. These experiments confirm
that the cellular production of metabolic CO2 is inadequate
for a normal rate of acidification [24]. It is also clear that
the hydrogen ion concentration of the peritubular blood
plays an important role, yet to be defined precisely, in the
acidifying operation. Somewhow, the cellular supply of
hydrogen ions depends on rapid equilibration between
peritubular blood and the compartment from which hydro-
gen ions are pumped into the tubular lumen.
Concluding remarks. Fig. 11 gives a very simplified sche-
matic summary of the mechanisms of hydrogen ion secre-
tion in renal tubular epithelium. The acidifying operation
is thought to be governed by at least two steps in series.
The first is the generation of hydrogen ions in the intra-
cellular space or any of its subcompartments. The second
step is the active transfer of hydrogen ions into the tubular
lumen against an electrochemical potential gradient by a
specific pump mechanism.
The generation of hydrogen ions within the cell depends
on the hydration of CO2 and it is catalyzed by carbonic
anhydrase (Vat). Some CO2-sensitive source of hydrogen
ions persists after inhibition of carbonic anhydrase (VLflhb).
The uncatalyzed hydration of CO2 (V) plays only a
small role and an additional hydrogen ion pool must
provide the necessary amount of hydrogen ions to maintain
acidification at the observed levels in carbonic-anhydrase
treated animals. The larger fraction of hydrogen ions
Blood Cell Lumen
generated after carbonic anhydrase inhibition may have
their origin in recycled carbonic acid entering the cell from
the tubular lumen [24], or they may be derived from the
peritubular blood. A prerequisite for the supply of such an
additional hydrogen ion pool is the establishment of a
sizeable H2C03 sink, that is, the establishment of a concen-
tration difference for hydrogen ions between the extra-
cellular environment (tubular lumen or peritubular fluid
compartment) and the cell interior. Such favorable gradients
would be expected to occur whenever the supply of hydro-
gen ions derived from the catalyzed reaction drops and
hydrogen ion pump activity continues to lower the intra-
cellular hydrogen ion concentration. Whatever the source
of hydrogen ions, they contribute in parallel to the cellular
hydrogen ion pool from which they are pumped into the
tubular lumen.
Little is known about the role of the transfer of buffer
anions such as bicarbonate ions in their ionic form from
lumen to peritubular fluid. It is likely that such transfer of
bicarbonate is accentuated whenever the filtered bicarbonate
load is high and the tubular fluid remains alkaline through-
out the nephron. Under such conditions a favorable electro-
chemical potential difference for passive bicarbonate move-
ment out of the lumen exists (lumen more negative than
peritubular fluid, luminal bicarbonate concentration higher
than in peritubular fluid). The question as to whether there
is a separate reabsorptive bicarbonate pump is presently
unresolved. We consider this possibility to be remote.
It is clear that the secretion of hydrogen ions into the
lumen necessitates the transfer of an equal amount of
bicarbonate ions from the cell to peritubular plasma.
According to Kern [4] and Maren [5], the following
reactions form the basis for the urinary acidification
process:
Perfusion of
proximal tubule:
U
IP IPEP
8
pH
Fig. 11. Summary of the mechanism of H+ ion secretion by renal
tubular cell.
294 Renal hydrogen ion secretion
0H+ H H20
C. A.
C02+ HO H2C03
H2C03 HCO + H
C. A.0H+ CO2 HCO
Hydrogen ions are generated either from H2C03, leaving
bicarbonate in the cell, or by the dissociation of water,
liberating OH—, the latter reacting with CO2 to form
bicarbonate. The OH— ions formed during the production
of hydrogen ions must ultimately be neutralized and/or
transferred to blood. The mechanism involved in the
disposal of 0H ions is presently unknown.
The mechanism of bicarbonate removal from cell to
plasma is unknown. The electrochemical potential differ-
ence (cell negative with respect to peritubular fluid) makes
it feasible that bicarbonate ions could leave the cell by
passive diffusion down a favorable electrochemical poten-
tial gradient [24]. Electrophysiological evidence obtained
in proximal tubule cells of rat kidneys supports the view
that the peritubular cell membrane has a significant bi-
carbonate permeability [681. Accordingly, the possibility
must be seriously considered that the peritubular transfer
step of cellular bicarbonate removal constitutes another
rate-limiting step for the acidifying process [24]. Parti-
cularly relevant are conditions in which an elevation of
the extracellular bicarbonate level (metabolic alkalosis)
lowers the driving force for the passive egress of bicar-
bonate from the tubule cell.
These considerations strongly suggest that hydrogen ion
secretion can be limited at several points. The generation of
hydrogen ions (sensitive to carbonic anhydrase inhibition),
the removal of bicarbonate from the cell, or the hydrogen
ion pump activity may become critical. The hydrogen ion
pump appears to be gradient-limited such that an active
secretory flow is opposed by passive back-flux. The latter
appears to be subject to control by the electrochemical
potential difference. This readily explains the observation
that the net rate of hydrogen secretion is sensitive to changes
in the transepithelial electrical potential difference and the
buffer concentration within the lumen. An increased intra-
tubular negativity stimulates net hydrogen ion secretion
and accentuates transtubular hydrogen ion gradients [69]
by reducing passive back-flux out of the lumen. Also
consistent with the view that a pump-leak system represents
best the properties of the hydrogen secretory mechanism is
the fact that net hydrogen ion secretion depends on the
luminal pH, the latter being most significantly governed by
carbonic anhydrase and the filtered load of bicarbonate.
Hydrogen ion secretion is accelerated in the presence of
carbonic anhydrase (in the brush border of proximal tubule
cells) because generation of a disequilibrium pH is effec-
tively avoided. Dissipation of H2C03 into H20 and CO2
prevents the developmenl of steep and limiting pH gra-
dients. Similarly, when the filtered bicarbonate load is high,
the tubular fluid remains alkaline and hydrogen ion secre-
tion, now proceeding against only small pH gradients,
reaches maximal levels. Under most conditions, the capac-
ity of the renal tubules to secrete hydrogen ions is a large
one. To the limits imposed by the isotonicity of tubule
fluid, the reabsorption of bicarbonate or the net acidifica-
tion of other buffers is directly proportional to the filtered
load.
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